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Clostridium autoethanogenum grown on CO2 and H2 revealed that captured carbon (460 24 ± 80 mmol/gDCW/day) had a significant distribution to ethanol (54 ± 3 mol% with a 25 2.4 ± 0.3 g/L titer). We were impressed with this initial result, but also observed 26 limitations to biomass concentration and growth rate. Metabolic modelling predicted 27 culture performance and indicated significant metabolic adjustments when compared to 28 fermentation with CO as the carbon source. Moreover, modelling highlighted flux to 29 pyruvate, and subsequently reduced ferredoxin, as a target for improving CO2 and H2 30 fermentation. Supplementation with a small amount of CO enabled co-utilisation with 31 CO2, and enhanced CO2 fermentation performance significantly, while maintaining an 32 industrially relevant product profile. Additionally, the highest specific flux through the 33 Wood-Ljungdahl pathway was observed during co-utilization of CO2 and CO. 34
Introduction 42
Gas fermentation has attractive waste carbon valorization properties, for which the need 43 is intensifying (Emerson and Stephanopoulos, 2019; IPCC, 2014). Recently, LanzaTech 44 commercialized the first waste gas-to-ethanol process, efficiently incorporating the 45 carbon from steel mill off-gas into fuel quality ethanol via the model acetogen 46
Clostridium autoethanogenum. The key carbon source -carbon monoxide (CO) -47 accounts for a significant portion of steel mill off-gas and synthesis gas (syngas), which 48 can be generated from multiple high-volume, non-gaseous waste feedstocks (e.g. 49 biomass, municipal solid waste) (Liew et al., 2016) . Therefore, LanzaTech's process is 50 significant in that it valorizes waste carbon by fusing two one-carbon gas molecules 51 (C1) into liquid fuel. Furthermore, Handler et al. (2016) found that ethanol produced by 52
LanzaTech's process reduced greenhouse gas emissions by 67 to 98% when compared 53 to petroleum gasoline on an energy content and "cradle-to-grave" basis (feedstock 54 dependent). Carbon dioxide (CO2) represents a more diverse and plentiful waste stream 55 compared to CO (International Panel on Climate Change (IPCC), 2014), thus 56 embodying a feedstock with greater climate change mitigation and carbon recycling 57 potential. 58
Increasing acetogenic carbon capture as CO2 would build on the success of commercial 59 gas fermentation and continue the expansion of the technology as a platform for 60 sustainable chemical production (Bengelsdorf et al., 2018; Müller, 2019; Redl et al., 61 2017) . Compared to other CO2 valorization methods, acetogens are ideal candidates due 62 to their high metabolic efficiency, ability to handle variable gas compositions, high 63 product specificity, scalability, and low susceptibility to poisoning by sulphur, chlorine, 64 and tars (Artz et al., 2018; Liew et al., 2016) . However, metabolism of CO2 requires an 65 energy source, for which some see an appropriate solution is lacking (Emerson and  66 Stephanopoulos, 2019). 67
Gas fermenting acetogens harbor the Wood-Ljungdahl pathway (WLP) ( 
Experimental analysis 126

Biomass concentration and extracellular metabolome analyses 127
Biomass concentration (gDCW/L) was estimated and extracellular metabolome analysis 128 carried out as specified in Valgepea et al. (2018) . 129
Bioreactor off-gas analysis 130
Bioreactor off-gas was analyzed by an online Hiden HPR-20-QIC mass spectrometer. 131
The Faraday Cup detector monitored the intensities of H2, CO, ethanol, H2S, Ar, and 132 CO2 at 2, 14, 31, 34, 40, and 44 amu, respectively, in the bioreactor off-gas. These 133 masses were chosen so that each target compound would be represented by a unique 134
signal. This was determined to be essential to achieve the highest confidence in 135 quantification using preliminary experiments as interferences from other compounds at 136 a shared mass could not be reliably accounted for (e.g. the more intense signal from CO 137 at 28 amu could not be used due to the uncertainty of interference at 28 amu from the 138 CO2 fragment). Gas from the cylinder was used as the calibration gas for each MS-cycle 139 (i.e. 'online calibration') to achieve reliable off-gas analysis (Valgepea et al., 2017) . See 140 below for details on quantification of gas uptake and production rates. 141
Quantification 142
Gas uptake and production rates 143
Gas uptake (CO, CO2 and H2) and production (ethanol) were determined using "online 144 calibration" of the MS by analyzing the respective feed gas directly from the cylinder 145 after each analysis cycle of the bioreactors. Specific rates (mmol/gDCW/h) were 146 calculated by taking into account the exact composition of the respective gas, bioreactor 147 liquid working volume, feed gas flow rate, off-gas flow rate (based on the fractional 148 difference of the inert gas [Ar] in the feed and off-gas composition), the molar volume 149 of ideal gas, and the steady-state biomass concentration. 150
Carbon balance analysis 151
The carbon balances were determined at 116 ± 11%, 103 ± 12%, and 108 ± 11% for 152 CO2+H2, and CO/CO2/H2 at D = 0.5 and 1 day -1 respectively (total C-mol products/total 153 C-mol substrates), as specified in Valgepea et al. (2017) . 154
Genome-scale metabolic modelling with GEM iCLAU786 155
Model simulations were performed using genome scale model (GEM) iCLAU786 of C. Despite the attempt to reach a steady-state at D = 1 day −1 , cells reached steady-state at 185 dilution rate = 0.5 day −1 . Under those conditions, the specific production rates of ethanol 186 and acetate were 140 ± 10 and 113 ± 9 mmol/gDCW/day, respectively ( Figure 1C ). 187 Strikingly, the specific rate of carbon incorporation (i.e. qCO2) was 480 ± 80 188 mmol/gDCW/day ( Figure 1B ), and around half of that carbon was captured as ethanol 189 (54 ± 3 mol%) ( Figure 1D ). Fermentation conditions and titers are available in Table 1,  190 showing an impressive ethanol concentration compared to previous fermentations where 191 CO was the main carbon and energy source. . However, the specific rate of carbon incorporation was higher for CO2+H2 198 ( Figure 1C ). We found that more than half of the captured CO2 was converted into 199 ethanol ( Figure 1D ). These results were encouraging, especially as ethanol production 200 has unfavorable stoichiometry compared to acetate . Furthermore, 201 the H2 specific uptake rate (1130 ± 160 mmol/gDCW/day) showed that higher H2 202 uptake rates are achievable (compared to old datasets). These results show that higher 203 carbon yields are possible (Valgepea et al., 2018 Figure 1A ; biomass concentrations of 0.54 ± 0.01 and 0.34 ± 0.02 244 gDCW/L respectively). CO/CO2/H2 fermentations at a D = 1 day -1 (CO/CO2/H2 1 ) and a 245 D = 0.5 day -1 (CO/CO2/H2 0.5 ) showed simultaneous uptake of CO (89 ± 2 and 36 ± 4 246 mmol/gDCW/day, respectively) and CO2 (940 ± 20 and 540 ± 20 mmol/gDCW/day, 247 respectively) ( Figure 1B) . The co-utilization of both C1 gases is, to the best of our 248 Compared to CO2+H2, CO/CO2/H2 0.5 showed higher acetate and ethanol titers (Table 1)  254 and specific productivities ( Figure 1C) , and a higher ethanol/acetate ratio (2.15 vs 1.24 255 mol/mol respectively). While at a similar biomass concentration (CO/CO2/H2 1 best 256 comparison due to similarity in dilution rate), acetate and ethanol titers (Table 1) , and 257 specific productivities ( Figure 1C ) are greater than during fermentation of other CO-258 containing gases. When comparing to high biomass (~1.4 gDCW/L) CO cultures, CO-259 supplementation still performs impressively -CO+H2 fermentation achieved a higher 260 ethanol titer (11.6 ± 0.4 g/L), while CO and syngas fermentations were similar (3.9 ± 261 0.2 and 5.4 ± 0.3 g/L respectively). Otherwise, all specific productivities were higher for 262 CO/CO2/H2 1 (Supplementary Files). Furthermore, the distribution of carbon to ethanol 263 was still greater than 50% ( Figure 1D ; 53.8 ± 0.4 % and 66 ± 2% for CO/CO2/H2 1 and 264 CO/CO2/H2 0.5 respectively). 265
To understand the metabolic effects of supplementing CO, FBA was performed using 266 the same conditions and alterations as for CO2+H2 (Figure 2) . Notably, the WLP 267 specific flux throughput for CO/CO2/H2 1 was ~2-fold greater than for any other gas type 268
(including high-biomass [Valgepea et al., 2018] ). Furthermore, for CO2 fermentations, 269
Nfn complex flux direction was opposite that of CO and syngas fermentations. 270 CO/CO2/H2 0.5 also showed significantly greater flux through the AOR, whilst specific 271 WLP productivity was insignificantly different compared to CO2+H2. 272
Discussion 273
Achieving steady-state continuous cultures using CO2+H2 mixtures, without cell 274 recycling here, was challenging. Yet, compared to other organisms fermenting CO2+H2 275 with continuous medium exchange, Clostridium autoethanogenum performs well (Table  276 2 , 2015) . This describes the thermodynamic 367 favorability of the reaction system -termed spontaneity. Here, analysis of experimental 368 flux and Gibbs free energy suggests that CO2+H2 fermentation is infeasible (Δ̇0 = 369 5.4 / / ), whereas CO-supplemented CO2+H2 fermentation is feasible 370 (Δ̇0 = −12.3 / / ; Supplementary Files). Though these calculations use 371 standard conditions, they do indicate how close CO2+H2 fermentation is to the 372 thermodynamic limit of metabolism. Theoretically, minute and unobservable changes to 373 chemostat CO2+H2 fermentation can disrupt the culture (Henry and Martin, 2016). 374
Thus, increasing the free energy of central metabolism with CO-supplementation 375 appears to keep metabolism in a spontaneous and stable state by increasing reduced 376 ferredoxin production. 377
The mechanisms for achieving the 2-fold higher specific WLP flux throughput for 378 CO/CO2/H2 1 compared to others is less clear but appears to be linked to the difference 379 in primary substrate. CO/CO2/H2 1 and CO+H2 are the most similar CO2 and CO 380 fermentations, respectively (D ~1 day -1 and carbon to hydrogen feed ratio (~1:3); Table  381 1), and the maximum carbon incorporation per cell for CO+H2 was roughly half of that 382 of CO/CO2/H2 1 (~450 vs ~1000 mmol/gDCW). Theoretically, cells will maximize 383 Enhancing CO2-valorization using Clostridium autoethanogenum for sustainable fuel and chemicals production carbon-to-redox metabolism by minimizing thermodynamic losses. CO supplementation 384 to a CO2+H2 culture seems to facilitate this as (H2/carbon)feed -(H2/carbon)flux was ~0 385 mol/mol for CO/CO2/H2 fermentations only (Supplementary Files) -an indication of 386 the relative magnitude of carbon and redox metabolism. This suggests that high specific 387 fluxes for CO/CO2/H2 1 may be a result of (close to) optimal co-factor recycling by C. 388 autoethanogenum's WLP and redox pathway. Thus, the lower energy associated with 389 CO2 fermentation may, counterintuitively, stimulate specific WLP activity when in the 390 presence of appropriate energy-containing substrates. above the line is data from (Valgepea et al., 2018) , and below the line is novel data. 647
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